Cardiac and whole body [3H]norepinephrine kinetics were used to evaluate the response of overall and cardiac sympathetic activity to supine bicycle exercise in 31 patients with coronary artery disease (CAD) and in nine normal control subjects (group 1). Of the 31 patients with CAD, 20 developed evidence of myocardial ischemia during exercise (group 2), typical angina occurring in 20 of 20 and ischemic ST segment changes in 13 of 20, whereas 11 patients developed no evidence of ischemia (no chest pain or electrocardiographic changes) (group 3). Exercise resulted in increased total and cardiac NE spillover in all groups of patients. Basal cardiac NE spillover was similar in the three groups (group 1, 5±1 ng/min; group 2, 8±1 ng/min; group 3, 7+2 ng/min; p=NS), but during exercise, cardiac NE spillover was greater in patients who developed angina (group 2, 30±5 ng/min) than in those who did not (group 1, 17±2 ng/min; group 3, 17+2 ng/min; p <0.05). The increases in total NE spillover were similar in the three groups. Supine bicycle exercise increases cardiac and overall sympathetic tone in normal control subjects and in patients with CAD. The occurrence of angina selectively enhances the cardiac sympathetic response to exercise. In the absence of angina, patients with CAD and control subjects without CAD have similar sympathetic responses to exercise.
T he sympathetic nervous system has a profound effect on the susceptibility of ischemic myocardium to serious ventricular arrhythmias,1,2 and the cardiac autonomic nervous system has been implicated in the causation of sudden cardiac death. 3 We have previously shown that moderate myocardial ischemia induced by atrial pacing does not cause important cardiac or overall sympathetic activation as assessed by radiotracer norepinephrine (NE) kinetic techniques.4 Atrial pacing is, however, an artificial stimulus. This study investigates the effect of a more physiologic sympathetic stimulus: dynamic exercise. Dynamic exercise is known to be associated with increased peripheral catecholamine concentrations in normal subjects5,6 and in patients with coronary artery disease (CAD),7 and exercise is widely accepted to increase cardiac and overall sympathetic tone. It is not known whether the occurrence of angina or simply the presence of CAD alters the sympathetic response to exercise.
Radiotracer kinetic techniques using infusions of [3H]NE of high specific activity can assess NE spillover to plasma and NE plasma clearance simultaneously.8 Whole body NE clearance is the volume of plasma cleared of NE by the body per unit time, and cardiac NE clearance is the volume of plasma cleared of NE by the heart per unit time. Whole body NE spillover (or NE apparent release rate) is the overall rate at which NE enters plasma, and cardiac NE spillover is the rate at which NE enters coronary sinus plasma. The techniques assume that a steady state has been reached, that infused [3H]NE is not rereleased to a significant degree, and that alumina-extractable [3H]metabolites do not accumulate during [3H]NE infusion. Our own studies4'9 and those of Esler et a110 have shown that these assumptions are valid. Cardiac and whole body NE spillovers thus provide more sensitive indexes of overall and cardiac sympathetic tone than are available from measurement of plasma catecholamine concentrations alone.4A8 Cardiac and whole body NE kinetics were used to assess the response of the sympathetic nervous system to dynamic exercise and exertional angina in patients with CAD and in control subjects without significant CAD.
Methods Patients
We studied 40 patients, 36 men and four women. All patients gave informed, verbal consent to the study, which was approved by the Central Oxford Research Ethics Committee. Thirty-one patients had significant CAD (>50% stenosis of the diameter of at least one major epicardial coronary artery) and nine were without significant coronary artery disease (group 1). In group 1, seven patients had a history of atypical chest pain and had negative exercise stress tests, one patient had a history of angina and a negative exercise test, and one patient had an atypical history but had an abnormal exercise test, developing 2 mm of horizontal ST segment depression in the inferolateral leads in the absence of symptoms. His coronary arteries were normal angiographically. Six patients had normal coronary angiographic appearances, and three had evidence of nonobstructive coronary atheroma (<30% narrowing on standard angiographic projections).
Of the 31 patients with CAD, 20 developed chest pain during the experimental exercise protocol (group 2). In all these patients, pain was typical of angina pectoris, and in 13 of 20, ischemic ST segment changes developed, ST segment depression of 1 mm or more in eight of 20, ST segment elevation in one, and ST segment depression of less than 1 mm in four. During a previous upright treadmill exercise test in 18 of these patients, diagnostic electrocardiographic changes had occurred in 16 and borderline changes in the remaining two (ST depression <1 mm) (Table 1) . Thus, although diagnostic electrocardiographic changes occurred in only eight of 20 of group 2 during the experimental exercise protocol, it is a reasonable assumption that their chest pain was due to myocardial ischemia. Eleven of the 31 patients with CAD developed no evidence of myocardial ischemia during the experimental protocol (no chest pain and no electrocardiographic changes) (group 3). The clinical characteristics of the patients are shown in Table 1 . Left ventricular ejection fraction was determined from the right anterior oblique cineangiogram.1'
Protocol
Patients were studied in the fasting state after diagnostic cardiac catheterization for evaluation of chest pain. Long-term oral medication was discontinued on the day before study. After the completion of angiography, 6F sheaths were left in the right femoral artery and vein, and a Baim coronary sinus catheter (Electro-catheter Corporation, Rahway, New Jersey) was inserted through the right subclavian vein. Correct placement in the distal coronary sinus was confirmed by injection of a small quantity of contrast material. Patients were then transferred to the research laboratory, where a [3H]NE infusion was begun. After 30 minutes of rest, to allow steady state to be reached, supine bicycle exercise was begun with the left leg only, which was a constraint imposed by the presence of the indwelling femoral arterial sheath. During the first 3 minutes of exercise, the load on an electrically braked bicycle (Elema-Schonander AM 368, Stockholm, Sweden) was adjusted to the maximum, comfortably sustainable load and thereafter was kept constant. The load was more often limited by leg fatigue than by angina or breathlessness, and subjects with CAD generally developed less severe angina and had less pronounced electrocardiographic changes during the experimental protocol than during the previous symptom-limited treadmill exercise test, which was performed 1-6 weeks earlier ( 2 (angina during exercise protocol) to determine whether or not the occurrence of angina affected the sympathetic response to exercise. The resulting two groups were compared using a two-tailed Mann-Whitney U test. Differences were considered significant at the 5% level.
Results Supine bicycle exercise in the 40 patients increased coronary sinus plasma flow from 37±2 to 57±4 ml/min (p<0.001). This increase was associated with a decline in the fractional extraction of NE by the coronary circulation from 67±1% to 52±2% (p<0.001) such that cardiac NE clearance was only modestly increased from 25±2 to 30±2 ml/min (p<0.01). The changes in coronary sinus plasma flow, cardiac NE extraction, and cardiac NE clearance were similar in each of the three groups of patients ( Figure 1 ).
Exercise resulted in an increase in coronary sinus NE concentration from 289±24 to 664±56 pg/ml (p<0.001) and in arterial NE concentration from 231±14 to 509±36 pg/ml (p<0.001). Whole body NE clearance remained unchanged (1,018±39 at rest and 1 ,017±41 ml/min/m2 during exercise), and whole body NE spillover to arterial plasma increased from 231± 15 to 490±26 ng/min/m2 (p<0.00l).
Basal whole body NE spillover and clearance were not significantly different in any of the groups. On exercise, there was a trend for whole body NE spillover to be higher in patients developing angina, but the difference was not statistically significant (p>0.1) ( Figure 2 ). Peripheral extraction of NE (by the leg) decreased during exercise from 57±3% to 33±2% (p<0.001), and the decreases were similar in the three groups.
Basal cardiac NE spillover was similar in all three groups. In contrast, however, cardiac NE spillover was higher during exercise in group 2 (angina during exercise) than in the other two groups (p<0.05). Exercise cardiac NE spillover was 17±2 ng/min in both groups 1 and 3 but was over 70% greater (30±5 ng/min) in group 2 ( Table  2 ). Basal coronary sinus NE concentration was similar in the three groups but was also higher during exercise in group 2 compared with the other two groups (p<0.05) ( Figure 3 ). In group 2, there were no significant differences in the sympathetic responses, to exercise between those patients with electrocardiographic confirmation of myocardial ischemia and those without electrocardiographic changes. Cardiac NE spillover increased during exercise from 8 ± 1 to 23±5 ng/min in those patients in group 2 (n = 8) with definite electrocardiographic confirmation of myocardial ischemia and from 9±2 to 34±8 ng/min in those with no or nondiagnostic electrocardiographic changes (n =12) (p>0.2). There was a trend for the exercise load achieved to be higher in the latter group of patients (33±6 W) than in the former (21±10 W) making comparison between them difficult. Pre-exercise Exercise Post-exercise FIGURE 2. Plots ofarterial norepinephrine (NE) concentration, whole body NE clearance, and whole body NE spillover to arterial plasma before, during, and after supine bicycle exercise in patients with and without coronary artery disease (CAD) as in Figure 1 . Arterial NE and whole body NE spillover to plasma increase during exercise, and the increases are similar in the three groups. Bars are ±1 SEM. Table 2 ), however, severe and prolonged myocardial ischemia developed at low workload, and these patients are of particular interest. Both had electrocardiographic evidence of important myocardial ischemia 10 minutes after the completion of exercise, and patient 11 still had severe chest pain, whereas in all the other patients, chest pain and electrocardiographic changes had resolved by this time. Both of the patients with evidence of persistent ischemia had higher cardiac NE spillover 10 minutes after the cessation of exercise than at peak exercise, whereas in all the other patients, cardiac NE spillover had returned toward the basal value at this time. Patient 11 developed very severe angina at low workload, associated with sweating, nausea, and 5 mm of ST segment depression. Evidence of severe ischemia persisted for 20 minutes and was unresponsive to glyceryl trinitrate. There was no subsequent evidence of infarction on either the electrocardiogram or on serial cardiac enzyme estimations, and the patient reported that this was for him a fairly typical anginal attack. His cardiac NE spillover increased from 10 ng/min at the completion of exercise to 40 ng/min 10 minutes afterward.
Patient 20 developed moderate angina and 2 mm ST segment depression during exercise. Pain and electrocardiographic abnormalities persisted for 15 minutes after exertion, and cardiac NE spillover almost doubled in the 10 minutes after exercise, from 6 to 11 ng/min. The data from these two patients suggest that severe myocardial ischemia may be associated with a marked increase in cardiac sympathetic activity, although more modest myocardial ischemia is not a potent sympathetic stimulus.4 In patient 11, there was also evidence of marked, generalized sympathetic activation during the period of myocardial ischemia, for whole body NE spillover increased during the 10 minutes after exertion from 550 ng/min/m2 at the end of exercise to 1,018 ng/min/m2. In 18 patients, exercise was continued for a total of 20 minutes, and a second set of measurements were obtained. There were no significant differences in the results between 10 and 20 minutes of exercise, confirming that a new steady state had been reached after 10 minutes. The results at 10 and 20 minutes exercise were as follows: coronary sinus plasma flow 53±4 and 52±6 ml/min, cardiac NE clearance 30±3 and 30±3 ml/min, cardiac fractional extraction of NE 56±2% and 55±1%, whole body NE spillover 489±33 and 510±43 ng/min/m2, and cardiac NE spillover 22±3 and 24±3 ng/min (allp>0.2).
Discussion
Exercise is the commonest precipitant of myocardial ischemia. It causes sympathetic activation and may result in cardiac arrhythmias, particularly after the cessation of exercise both in normal subjects and in patients with CAD. 12 The interrelations between dynamic exercise myocardial ischemia, n .
. . 3  17  2  9  21  10  346  31  15  26  12  32  45  25  456  32  6  23  10  18  35  20  312  33  8  28  10  23  31  17  320  34  6  16  8  16  27  17  340  35  6  10  7  37  34  38  164  36  5  24  4  15  28  13  250  37  4  16  4  23  24  25  185  38  5  9  3  12  13  9  360  39  1  1  1  12  14  12  98  40  20  23  19  21  22  21  764  Mean  7   171   7  20   27t   19  327  SEM  2  3  2  3  3  3  53   737  627  522  743  648  240   632  560  541  113 3 . Plots of coronary sinus norepinephrine (NE) concentration and cardiac NE spillover before, during, and after supine bicycle exercise in patients with and without coronary artery disease (CAD) as in Figure 1 . Both parameters increase during exercise. Exercise coronary sinus NE and cardiac NE spillover are significantly higher in thepatients who developed angina than in those who did not. Bars are +1 SEM. and sympathetic nervous activity have been little studied. During exercise, after an initial rapid decrease, there is a progressive withdrawal of vagal tone and an increase in sympathetic tone. These changes in cardiac autonomic input increase myocardial vulnerability to arrhythmias. Supraventricular and unifocal ventricular ectopics are common in clinically normal subjects during maximal exercise, usually at heart rates above 150 beats/min,12,13 and sustained ventricular tachycardia may be induced by exercise in patients without ventricular tachycardia according to Holter monitoring.14 Exercise-induced ventricular ectopy, though not predictive of future coronary events in asymptomatic individuals,'15 is a predictor of impaired prognosis after acute myocardial infarction, being a marker for extensive coronary disease and left ventricular dysfunction.16,17 Exercise-induced simple ventricular ectopy did not influence long-term mortality in medically treated patients with angina,17 although repetitive ventricular ectopy may increase longterm mortality. 18 In the experimental situation, myocardial ischemia and exercise are a potent cause of ventricular arrhythmias, and there is anecdotal evidence link-ing strenuous physical exertion to sudden cardiac death and to myocardial infarction.'9-21 Staged coronary occlusion during 12 minutes in conscious dogs caused a 10% immediate mortality from ventricular fibrillation, whereas 70% died early from ventricular fibrillation when coronary occlusion was performed during treadmill exercise. 22 Heart rate (and thus presumably cardiac autonomic tone) appeared to be important in these studies, for dogs with heart rates in excess of 200 beats/min at the time of coronary occlusion almost invariably developed ventricular fibrillation.
Venous and arterial NE concentrations are known to increase in response to a variety of cardiovascular stresses including isometric and isotonic exercise and cold pressor testing, but the increases are greatest during dynamic exercise. 23 Arterial and coronary sinus catecholamine levels rise in response to upright bicycle exercise in humans,24 and isometric handgrip exercise causes a rise in arterial and coronary sinus NE concentration in patients with a variety of cardiovascular conditions.25 Supine bicycle exercise has previously been reported to increase arterial and coronary sinus NE concentrations, but the effect of angina was not assessed. 26 Cardiac NE spillover has been assessed during dynamic exercise in small numbers of normal subjects and was reported to increase from 5 to 73 ng/min during maximal supine bicycle exercise. 27 The above study also purported to comment on the response of cardiac NE spillover to dynamic exercise in subjects with heart failure, but the numbers studied (three) were too small to allow meaningful comment. There is no previous information on cardiac NE spillover or coronary sinus NE concentrations during exertional angina.
The present study has shown increases in coronary sinus plasma flow, in arterial and coronary sinus NE concentrations, and in whole body and cardiac NE spillover during supine bicycle exercise in patients with and without CAD. This confirms that supine bicycle exercise is associated with a marked increase in overall and cardiac sympathetic nervous activity.
A decrease in cardiac and peripheral NE extraction was shown during exercise as in our previous study of atrial pacing-induced myocardial ischemia.4 This shows that changes in NE extraction are an important factor in alterations in organ specific NE balance and confirms the value of using radiotracer NE kinetics in the evaluation of organ specific sympathetic function.
Basal cardiac and whole body NE spillover were similar in subjects with and without CAD, showing that patients with CAD do not have increased cardiac or overall sympathetic tone at rest. The risk of sudden death in stable ischemic heart disease seems unlikely to relate to abnormal resting neurosympathetic function.
Exercise resulted in very similar increases in cardiac and whole body NE spillover in patients * nwho did not develop angina, regardless of whether they had significant CAD. This shows that in the absence of anginal chest pain patients with CAD do not have an exaggerated sympathetic response to exercise compared with patients without CAD. However, patients who developed exertional angina during the experimental protocol had higher cardiac NE spillover on exercise than those who did not despite basal cardiac spillover being similar in all three groups. This is evidence that the occurrence of angina is associated with an enhanced cardiac sympathetic neural response to exercise.
The mechanism of this potentiation is not known. A direct cardio-cardiac reflex in response to myocardial ischemia is possible or the occurrence of chest pain may have influenced sympathetic outflow through the higher centers independent of the influence of myocardial ischemia per se. To determine whether chest pain, myocardial ischemia, or both, was important in causing the observed potentiation of the cardiac sympathetic response to exertion, we would have had to study patients with painless myocardial ischemia. None of our subjects had electrocardiographic evidence of painless ischemia.
There is no definite evidence from this study that angina is associated with a greater increase in overall sympathetic tone on exertion than is seen in the absence of angina, although this possibility is not excluded because the trend was for whole body NE spillover to be higher during exercise in the patients developing angina. Thus, although some enhancement of the generalized sympathetic activation of dynamic exercise may occur during exertional angina, the exaggerated increase in cardiac NE spillover suggests that cardiac efferent sympathetic nervous activity is selectively enhanced during exertional angina.
The occurrence of ventricular arrhythmias in patients with stable angina is closely related to the occurrence of myocardial ischemia as assessed by ambulatory ST segment monitoring,28 and enhancement of the sympathetic response to exercise during exertional angina may be important in making the ischemic myocardium additionally susceptible to the development of ventricular arrhythmias.
Limitations
Patients exercised at constant load for 10 minutes, so that a new steady state could be reached, and used only the left leg. These conditions generally resulted in less severe myocardial ischemia during the experimental protocol than had occurred during the previous upright incremental treadmill exercise test (Table 1) , although supine exercise is normally associated with a lower anginal threshold than upright exercise.29 This probably mitigated against any changes in sympathetic function associated with myocardial ischemia but does not dimin-
We believe that the 20 patients in group 2 developed myocardial ischemia during the exercise protocol, but because seven of the 20 developed no electrocardiographic changes, we cannot be certain of this in all the patients. However, the occurrence of typical anginal pain in patients with proven CAD and, in five of these seven patients, diagnostic electrocardiographic changes on a previous treadmill exercise test make it very likely that their chest pain was due to myocardial ischemia.
Similarly, we believe that patients in group 3 who did not develop angina did not have myocardial ischemia, but we cannot be certain that a minor degree of ischemia was not present because anginal chest pain and electrocardiographic changes may be relatively late consequences of myocardial ischemia.30 Sampling from the coronary sinus has theoretical disadvantages. During angina, samples from this site will inevitably contain venous effluent from both ischemic and nonischemic areas, and the relative contribution of each is not assessable. In the canine model, it is possible to cannulate local veins from ischemic and nonischemic territories,31 but this cannot be done in humans. However, the severity and distribution of CAD in the patients who developed angina (17 of 20 had significant left anterior descending disease) make it highly likely that distal coronary sinus samples contained a substantial proportion of venous effluent from ischemic myocardium. It is not possible to determine whether the observed enhanced rise in cardiac NE spillover during exercise in the ischemic group derived from ischemic myocardium or from both ischemic and nonischemic myocardium.
Most patients were taking P-blocking drugs, which we and our ethics committee believed should not be withheld for more than 24 hours. This limited the heart rate response to exercise, and we cannot exclude the possibility that these drugs may have altered the sympathetic response to exercise and ischemia. ,B-Blockers do increase plasma NE concentrations at rest and during submaximal exercise,32,33 but this effect is probably due to decreased NE plasma clearance rather than to increased NE spillover.32 It is, therefore, unlikely that ,(-blockers were responsible for the enhanced increase in cardiac NE spillover during exercise in the angina group, especially because similar numbers of patients were taking P-blocking drugs in both the angina (18 of 20) and the nonangina (15 of 20) groups. The patients who developed angina were slightly older than the patients who did not, but this is unlikely to explain the difference between their sympathetic response to exercise because the age difference was minor and because NE spillover has not been shown to increase with age.34 We have previously shown that a period of unstable ischemic ish the importance of the observed changes. symptoms is associated with cardiac sympathetic hyperactivity at rest,4 but the histories of the two groups of CAD patients were similar in this respect.
Conclusion
This study shows that supine bicycle exercise is associated with an increase in cardiac and whole body NE spillover in normal control subjects and in patients with CAD and that the occurrence of angina enhances the cardiac sympathetic response to exercise. In the absence of anginal chest pain, patients with CAD do not have an exaggerated sympathetic response to exercise. The enhancement of cardiac sympathetic activity associated with angina and myocardial ischemia during dynamic exercise may be important in making patients with low level exercise-induced ischemia additionally susceptible to exercise-induced cardiac arrhythmias and may have a bearing on their impaired prognosis and increased risk of sudden cardiac death. 
